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ABSTRACT 
The permanent deformation, stiffness degradation and strength of UD Glass/PA6 coupons with 
an open hole under tension and compression loading is investigated. 2 layups: [0/90]5s and 
[+45/-45]5s were tested. The specimen shape was rectangular with a width of 36 mm and a hole 
size of 6 mm, according to ASTM D5766. Both monotonic loading as well as Loading-
Unloading-Reloading tests were executed. This, together with a measure of the full field strain 
of the sample (using Digital Image Correlation) allowed to identify the general sample strength 
as well as identify several regions where permanent deformation and damage occurred. 
Keywords: thermoplastic, notched, experimental, damage, permanent deformation, open hole, 
Digital Image Correlation (DIC) 
1. INTRODUCTION 
Technical continuous Fibre Reinforced Polymers (FRP) where carbon or glass fibres are 
combined with a thermoplastic (TP) polymer matrix are strong candidates for use in mass 
production industries. The TP matrix can be melted which allows traditional (metal-like) 
processing techniques such as hot moulding or forming which have short cycle times. Next to 
that, TP-FRP provide, compared to thermoset (TS) FRP, improved recyclability and cleaner 
processing technologies. Before TP-FRP can be used in structural design, the mechanical 
behaviour under several loading conditions must be known. This knowledge can then be used 
to develop and benchmark improved mechanical models . While for TS FRP [1]–[3] detailed 
studies about the failure behaviour in the presence of stress concentrations exist, they seem to 
be absent for TP-FRP. 
In this work the permanent deformation, stiffness degradation and strength of UD Glass/PA6 
coupons with an open hole under tension and compression loading is investigated. According 
to ASTM D5766 [4], coupons with a width of 36 mm and hole diameter of 6 mm were 
manufactured from laminated plates with layups [0/90]5s and [+45/-45]5s . Loading-Unloading-
Reloading (LUR) tests were executed in an Instron 100kN hydraulic test bench. During these 
tests the specimen is loaded to a fraction of the static strength and then unloaded with the same 
strain rate. This is repeated with increasing load fractions until the specimen fails. Specimens 
were tested under tensile and compressive loading. During the tests the strain field on the 
samples was measured through Digital Image Correlation (DIC). The strain fields at unloading 
indicate the areas where permanent deformation occurs. At the same time visual inspection of 
the camera footage revealed some of the damage morphology.  
In the following sections first the experimental methodology is given followed by a discussion 
of the stress-strain behaviour, observation of zones with permanent deformation and damage 




Laminated plates were hot pressed with TenCate CETEX UD glass/nylon-6 from Ten Cate 
Advanced Composites B.V. The composite is a combination of E-glass fibres in a BASF 
UltraBatch 2400 polyamide-6 (PA6) resin. The PA6 resin is heat stabilised for processing, has 
a glass transition and melting temperature of 60 °C and 220 °C, and a density of 1130 kgm-3 
[5]. Laminated plates with layup [0/90]5s and [+45/-45]5s were produced from which 
rectangular specimens with dimensions 250 mm x 36 mm and 150 mm x 36 mm were cut using 
water jet cutting. Afterwards a central hole with diameter 6 mm, to avoid damage to the hole 
edges, was carefully milled from the composite coupons. The specimens with 250 mm length 
were used for tensile tests. The specimens with 150 mm length were used for compressive tests. 
Figure 1 graphically represents the specimen dimensions. 
 
Figure 1:Specimen shapes. Top: tensile specimen. Bottom: compression specimen 
 
The average thickness of the specimens was 5.2 mm. This leads to an average ply thickness of 
0.26 mm. After production the specimens were non-destructively inspected with flash 
thermography to ensure that nor the water jet cutting, nor the hole milling, had induced damage 
to the sample or hole edges. A summary of the test program is given in Table 1. 
Figure 2 shows the test setup. The specimens were tested on a 100 kN hydraulic Instron uniaxial 
test bench. The clamps of the machine were aligned before testing to ensure proper load 
introduction. The specimens were inserted over the full clamp length. This means that the 
effective gauge length was 150 mm and 50 mm for, respectively, the tensile and compressive 
specimens. Both monotonic loading until failure as well as Loading Unloading Reloading 
(LUR) tests were executed. In the LUR tests consecutive reloadings were done at 
approximately 25%, 35%, 50%, 65% and 85% of the static strength. After that the specimen 
was loaded until fracture.  
The force on the specimen was measured using the load cell of the machine. The strain on the 
sample surface was measured using 3D Digital Image Correlation (DIC). For this the specimen 
surface was first painted with white, water based, acrylic airbrush paint. This type of paint 
adheres well to the surface while it does not form a film. The latter ensures that, when large 
deformations occur, the paint does not detaches or peels from the specimen surface, 
invalidating the DIC measurement. The 3D DIC system consisted of a custom setup with 2 
Pointgrey cameras with 5MP resolution. The images were calibrated and analysed using the 






Figure 2:Test setup with DIC and a tensile specimen 
 
Table 1: Overview of specimens and load type 













[0/90]5S Monotonic tensile 250 36 6 2       2.2e-4 
[0/90]5S Monotonic compression 150 36 6 0.5 1.7e-4 
[0/90]5s LUR tensile 250 36 6 2 2.2e-4 
[0/90]5s LUR compression 150 36 6 0.5 1.7e-4 
[+45/-45]5S Monotonic tensile 250 36 6 2 2.2e-4 
[+45/-45]5S Monotonic compression 150 36 6 0.5 1.7e-4 
[+45/-45]5s LUR tensile 250 36 6 2 2.2e-4 
[+45/-45]5s LUR compression 150 36 6 0.5 1.7e-4 
 
The testdata is processed into a comprehensive package by investigating several aspects such 
as the observed failure phenomena, the general stress-strain behaviour and the development of 
permanent strain and apparent damage (sample stiffness reduction).  
 
The ultimate failure type of the samples is derived from the images taken with the cameras. 
For the global specimen stress-strain behaviour, the nominal stress, 𝜎𝑛𝑜𝑚. , is calculated by 
dividing the force from the load cell with the initial cross sectional area at the maximum hole 
width as shown in Equation 1. 
𝜎𝑛𝑜𝑚 =
𝐹














In Equation1, 𝐹 is the force from the load cell, 𝑤 is the sample width, 𝑡 is the sample thickness 
and 𝑑 is the hole diameter. The global sample strain is defined as the engineering strain between 
two points located close to the clamps, as indicated in Figure 3. This definition is chosen because 
it allows a representative comparison between the samples with equal test conditions while 
indicating the global state of the specimen. Due to the presence of the hole, the authors stress 
that the forthcoming stress-strain curves of these experiments indicate specimen behaviour and 
not intrinsic material behaviour. 
 
 
Figure 3: Global sample strain gauge for tensile (left) and compressive(right)  specimens 
 
An example of the global stress-strain behaviour for a LUR-OHT test with layup [+45/-45]5s is 
shown in Figure 4. One can clearly see the development of permanent strain after each loading 
cycle. Furthermore, the specimen stiffness is defined as the slope between consecutive 
maximum and minimum loads in an unloading-reloading cycle. This is indicated by the straight 
black lines in Figure 4.  
 
In the following section the observed failure modes, permanent strain and stiffness evolution 




Figure 4: Example of nominal stress-global long. strain behaviour of an open hole sample with layup 
[+45/-45]5s 
3. RESULTS AND DISCUSSION 
In this section, first, in Section 3.1 the observed failure type for each type is discussed. Next, 
the global specimen stress-strain behaviour is given in Section 3.2 followed by a discussion 
about the development of permanent strain and damage in 3.3. In Section 3.4 also the patterns 
of permanent strain, as observed by the DIC strain fields, are discussed. 
  
3.1 Observations of failure mode 
For each of the four combinations of load (tensile and compressive) and layup ([0/90]5s and 
[+45/-45]5s) different failure phenomena were observed.  
 
For the samples with layup [0/90]5s both tensile and compressive loading showed a quasi-linear 
stress-strain behaviour with sudden material failure. Figure 5 and Figure 6 show images of 
typical failure behaviour of the samples under, respectively, tensile and compressive load. OHT 
failure of the samples with layup [0/90]5s shows no indication of growing cracks up till sudden 
failure. Despite the sudden breakage large symmetrical cracks appear from the sides of the 
holes and span almost the entire width of the sample. Remarkable for this failure is that at the 
sides of the specimen a number of fibers are still bridging over the crack, effectively holding 
both specimen halves together. Although this connection is quite weak, this indicates that next 
to fibre breakage also fibre pull-out is an important damage phenomenon for this composite 
material. OHC failure of the samples with layup [0/90]5s show relatively sudden kinking 
failure. The samples do not buckle before losing load bearing capacity. Just before failure initial 
localized kinking can be observed originating from the hole edge. This is very difficult to see 
visually, indicated by arrows in Figure 6a. However, one can also spot them with the DIC strain 
field through a local strain concentration, or local correlation failure of the strain field.  
 
For the samples with layup [+45/-45]5s both tensile and compressive loading showed large non-
linear behaviour before failure. Figure 7 and Figure 8 show typical observations under, 
respectively, tensile and compressive loading. OHT failure for the layup [+45/-45]5s, Figure 7, 
shows a combination of crack growth and ductile failure. Before failure multiple cracks 
develop at the hole edge, see Figure 7a. However, note that the largest cracks not necessarily 
grow to cause final failure. In Figure 7a and Figure 7b the same crack is indicated with a red 




Figure 5: Tensile failure mode for [0/90]5s specimen 
  
a) b) 




Figure 7: Tensile failure mode for [+45/-45]5s specimen a) just before failure, b) after failure 
 
Figure 8: Compressive buckling of specimen with layup [+45/-45]5s 
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ing failure occurs from a different location. It is clear that the failure behaviour of these 
specimens involves multiple competing failure phenomena and is quite complex. OHC failure 
for layup [+45/-45]5s, Figure 8, could not be achieved. The samples showed very high non-
linear deformation before eventually buckling at about 90-100 MPa 𝜎𝑛𝑜𝑚. Figure 8 shows the 
very high sample deformation which could be observed. To protect the testing machine, and 
especially the clamp alignment, it was not attempted to fully break the samples. After the 
occurrence of buckling samples were unloaded and removed. 
 
3.2 Global force-displacement and stress-strain behaviour 
The nominal stress vs global strain of the samples is obtained as described in Section 2 and 
shown in Figure 9 and Figure 10. As can be seen in the figures, at least three measurements per 





Figure 9: Nominal stress vs global strain of OHT samples subjected to monotonic loading  until 










Figure 10: Nominal stress vs global strain OHC samples subjected to monotonic loading  until 
failurea) OHC of layup [0/90]5s, b) OHC of layup [45/-45]5s 
 
As mentioned in Section 3.1 the specimens for OHT with layup [0/90]5s show quasi-linear 
behaviour up to sudden failure at about 220 MPa 𝜎𝑛𝑜𝑚., Figure 9a). The specimens for OHT 
with layup [+45/-45]5s., Figure 9b), initially show linear behaviour. This, however, quickly 
turns nonlinear. A failure strain of about 12-15% is observed with a failure load of about 140 
MPa 𝜎𝑛𝑜𝑚. The specimen for OHC with layup [0/90]5s, Figure10a), show, for the largest part, 
quasi-linear behaviour with a non-linear region close to final failure. The results for OHC with 
layup [+45/-45]5s show similar behaviour as for OHT with layup [+45/-45]5s. A notable 
difference is that, see Figure10b), buckling occurs at about -90 MPa 𝜎𝑛𝑜𝑚.  Note that, although 
the stress-strain curves still continue a bit after buckling, failure of the specimen was never 
reached since the specimens were unloaded after buckling. 
 
3.3 Development of stiffness reduction and permanent strain 
From the specimens subjected to LUR cycles both the evolution of permanent strain and 
stiffness  (due to damage) can be derived. The global stress-strain data for these experiments 
provides an indication of the global specimen behaviour in damage as well as permanent strain 
development. On top of that the images of the strain field at the specimen surface at unloading 
indicate at which locations  and with which pattern permanent deformations occurs. 
To illustrate the global stress-strain behaviour for the LUR tests Figure 11 shows the data 
obtained for the LUR-OHT tests for the layup [0/90]5s and [+45/-45]5s. As can be seen in Figure 
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11a) the behaviour for [0/90]5s is almost linear. Yet, the unloading-reloading cycles reveal a 
small degradation in the specimen stiffness and small evolution in the global permanent strain, 
see Figure 11b), which suggest that, at least locally, some damage and plasticity occurs in the 




Figure 11: Nominal stress vs global strain for LUR-OHT specimens a) layup [0/90]5s, b) close up of 
specimen 3 from (a), c) layup [+45/-45]5s 
With respect to the specimens with layup [+45/-45]5s, Figure 11c), one can clearly see that a 
large amount of permanent strain develops. Also, the specimen stiffness reduces with each load 
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cycle. The observations for the specimens subjected to compressive LUR cycles are similar to 
the observations for the specimens with the same layup. To reduce manuscript size, the specific 
graphs depicting the nominal stress vs global strain behaviour are not shown here. They are 
available with the authors upon request.  
 
The evolution of permanent strain and sample stiffness, as defined in Section 2, is quantified 
and shown in Figure 12 to Figure 15. The datapoints for the several specimen repetitions per 
configuration clearly show similar trends. For all configurations an increase in permanent strain 
and a decrease in stiffness is noted. The increase of permanent strain and reduction of stiffness 
follows  a quasi-linear trend for the layup [0/90]5s, Figure 12 and Figure 14. The largest 
permanent strain is about 0.07%  while the stiffness reduces to 90% for the LUR-OHT samples 
and 80% for the LUR-OHC specimens. For the layup [+45/-45]5s, Figure 13 and Figure 15, the 
evolution of permanent strain follows an exponential trend (up to 7% permanent deformation) 
while the damage evolution follows a logarithmic trend. The stiffness of the sample reduces to 
about 20% of the initial stiffness, which is significant. Note also that a number of datapoints 
for the LUR-OHC, Figure 15, are greyed out since they are determined after buckling was 
observed. It is, however, remarkable that they seem to follow the initial trend set in by the data- 
 




Figure 13: Evolution of permanent strain and sample stiffness for LUR-OHT with layup [+45/-45]5s 
 
points which were obtained before buckling. 
 
Although the global specimen behaviour already revealed evolution of permanent strain and 
stiffness, the global behaviour does not indicate at which location most permanent strain or 
damage is located. At the moment there is no method to remotely quantify stiffness reduction 
in specific regions of a structure. For the latter it would be required to measure the stress locally 
on the sample. However, it is possible to measure the strain on the entire sample surface thanks 
to the usage of DIC. Since images were taken for the entire test, it is possible to identify where 
permanent strain developed when the specimen is unloaded after each load cycle.  
 
Figure 16 and Figure 17 show the strain patterns obtained at unloading for the several specimen 
configurations after either the last load cycle or just before buckling (for the [+45/-45]5s  layup 
under compression). From both figures it appears that the strain patterns obtained for tensile 
and compressive loadings are the inverse to one-another. For the layup [+45/-45]5s X-shaped 
shear bands with high permanent strain develop. The center of the shear bands coincides with 
the center of the hole. For the tensile case, Figure 16a), the longitudinal strain is positive while, 
for the compression case, Figure 16b), the longitudinal strain is negative. For the layup [0/90]5s, 
Figure 17, a region of nearly zero longitudinal strain occurs above and below the hole center. 





Figure 14: Evolution of permanent strain and sample stiffness for LUR-OHC with layup [0/90]5s 
 






Figure 16: Permanent strain developed after unloading specimen LUR-OHT nr. 3, left, and LUR-





Figure 17: Permanent strain developed after unloading specimen LUR-OHT nr. 3, left, and LUR-
OHC nr. 4, right, for layup [0/90]5s after the highest loading cycle before failure 
y 
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For the tensile case, Figure 17a), this is positive. For the compressive case, Figure 17b), this is 
negative. Also. this region of permanent strain seems to be limited to the immediate vicinity of 
the hole. This in contrast to the layup [+45/-45]5s where the region of permanent strain extends 
fully to the specimen edges. 
4. CONCLUSIONS 
In this work Open Hole Tensile and Open Hole Compressive tests were executed on two 
laminates from UD Glass/PA6 material. The laminates used are [0/90]5s and [+45/-45]5s. Both 
monotonic and Loading-Unloading-Reloading experiments were executed. This allowed to 
identify global specimen behaviour, the development of permanent strain, and evolution of 
specimen stiffness until final failure. 
 
The experimental results show the significant nonlinear behaviour of thermoplastic fibre 
reinforced materials under both tensile and compressive loading. The identification of 
permanent deformation as well as the stiffness degradation of the samples prior to failure is 
particularly useful for engineers in mechanical design and for the validation of new material 
models for thermoplastic materials. Even more so, the availability of the entire strain field on 
the sample surface throughout the testing can be used to verify and validate finite element 
simulations of open hole tests for this material. 
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